C oronary artery disease (CAD) and its major complication myocardial infarction (MI) are the major cause of morbidity and mortality in the Western world as well as in China. 1, 2 The pathogenesis of CAD is a complex process mediated by many genetic and environmental factors and their interactions. 3 CAD is known to be influenced by abnormal lipid metabolism, smoking, diabetes mellitus, hypertension, obesity, physical inactivity, alcohol intake, and psychosocial situation. 4 Heritability of CAD was estimated to be 40% to 60%, indicating that genetic factors contribute significantly to the development of this disease. 5 Identification of novel genetic variants may reveal new biological pathways and mechanisms of CAD and facilitate improved diagnosis, prevention, and treatment.
associated with CAD and MI (Catalog of Published GWAS: http://www.genome.gov/26525384). 6, 7 However, GWAS identify mostly common variants and all variants for CAD and MI identified by GWAS account for 10.60% of heritability in aggregate. 8 Therefore, a large portion of heritability remains missing for CAD and MI (referred to as missing heritability), and much effort is needed to identify new risk variants for CAD and MI to account for missing heritability.
Most GWAS for CAD and MI were completed in European ancestry populations, but recently 2 GWAS were reported in the Chinese population. We reported the first GWAS for CAD in the Chinese Han population using a large GeneID database in 2011 and identified the C6orf105 gene (now known as ADTRP) as a susceptibility gene for CAD specifically in the Chinese population. 9 The finding was replicated in 2 independent reports. 10, 11 In 2012, another GWAS identified 4 new loci for CAD in or near TTC32-WDR35, GUCY1A3, C6orf10-BTNL2, and ATP2B1. 12 However, these identified variants may explain little heredity of CAD in the Chinese population.
To identify new genomic variants associated with CAD and MI in the Chinese population, we focused on mining of GWAS genotyping data for variants in individual pathways for positive association with CAD without adjusting for multiple testing (P<0.01), followed by identification of functional variants by expression quantitative loci analysis and association analysis between functional variants and CAD. We refer this strategy as candidate pathway-based GWAS. Using this approach, we found that functional single nucleotide polymorphisms (SNPs) in 2 genes in the complement system, C3AR1 encoding complement component 3a receptor and the C6 encoding complement component 6, were significantly associated with risk of CAD.
Subjects and Methods

Study Populations
The study subjects involved in this study were selected from the GeneID population, which is a large ongoing database with clinical data and tissue samples from >80 000 Chinese patients and controls. The major aim of GeneID is to identify genes for cardiovascular and cerebrovascular diseases in the Chinese Han population. 9 The study subjects are of the ethnic Han origin by self-description. This study was supported by appropriate local institutional review boards on human subject research and conformed to the guidelines set forth by the Declaration of Helsinki. Written informed consent was obtained from all study subjects. The details on the diagnosis of CAD, MI, hypertension, and diabetes mellitus and controls were described in the Data Supplement.
SNP Genotyping
SNP genotyping was performed as described 9 and in detail in the Data Supplement.
eQTL Analysis, SNP Selection, and LD Analysis
We searched the SNPexpress database (http://compute1.lsrc.duke. edu/softwares/SNPExpress/) and Genevar 3.3 (http://www.sanger. ac.uk/resources/software/genevar/) to identify the expression quantitative loci for the C3AR1 and C6 genes. 13 To determine whether the GWAS variants and the variants with expression quantitative loci (eQTLs) are in the same linkage disequilibrium (LD) block, we computed the r 2 values using data from the HapMap and 1000 genomes databases and investigated the genomic region for the recombination rate covering these variants using Locuszoom (http://csg.sph.umich.edu/locuszoom/). 14
Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction Analysis
Quantitative real-time polymerase chain reaction analysis was performed according to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines as described previoulsy 15 and in detail in the Data Supplement.
Statistical Analysis
Genotyping data were analyzed for allelic and genotypic association using Pearson 2×2 or 2×3 contingency table, χ 2 tests as implemented in PLINK version 1.06, respectively. P values and corresponding odds ratios (ORs) with 95% confidential intervals were computed for each SNP using PLINK version 1.06. Statistical analyses for eQTLs and power analysis were performed as reported previously 16 and in detail in the Data Supplement.
Results
Description of a Candidate Pathway-Based GWAS Strategy for Association Studies for Common Disease
We previously performed genome-wide genotyping of 44 0794 SNPs using Genome-wide Human SNP5.0 arrays in 2 independent case-control discovery cohorts for CAD from GeneID. 9 SNPs showing positive association for CAD with P<0.01 in both cohorts were selected for follow-up validation and multiple replication studies, which led to the identification of association between an ADTRP variant and CAD and MI. 9 To explore the GWAS data further, we developed a candidate pathway-based GWAS strategy, which consists of 3 steps. First, we mine the GWAS data by focusing on a specific candidate biological pathway, eg, the complement system in this study, to identify variants that show nominal significance with CAD without adjustment for multiple testing (P<0.01) to reduce false negatives as in many GWAS for CAD. Second, considering that most variants identified by GWAS are simply genetic markers and have low effects on the risk of disease, we identify functional variants in close proximity to the positive GWAS variants by eQTL and real-time reverse transcription polymerase chain reaction (RT-PCR) analyses. The functional variants may be causatively associated with the disease, and thus have a larger effect, which is expected to increase the power of statistically analysis. Third, the functional variants are evaluated for association with the disease in a case-control cohort (validation cohort) and significant association is then further assessed in an independent replication cohort. We tested the candidate pathway-GWAS strategy in this study and successfully established the genetic association between the complement system and CAD. Atherosclerosis is a chronic inflammatory process, and abnormalities of the immune system may play an important role in the initiation and development of the vascular atherosclerotic lesions. 17 The complement system is a major component of the innate immune system, and was suggested to be involved in the pathogenesis of atherosclerosis. 18 Moreover, few human genetic studies for CAD investigated the complement system. Therefore, in our pilot
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Mining of GWAS Data Identified 2 SNP Hits (rs10846450 and rs2329591) From 668 Variants in the Complement System Showing Nominal Association With CAD
We assessed SNPs in all genes of the complement system in exons, introns, 5′-untranslated region, 3′-untranslated region, and genomic regions 100 kb upstream or downstream of each gene for potential association with CAD using our combined GWAS genotyping data from 230 patients with CAD and 230 controls. In total, 668 variants in 32 genes in the complement pathway were on Genome-Wide Human SNP5.0 arrays. In the association analysis of the 668 SNPs for CAD, only 2 SNPs achieved a P<0.01, including rs10846450 located 12 kb upstream of C3AR1 and rs2329591 in C6. Minor allele A of C3AR1 variant rs10846450 showed a positive association with CAD (P=6.20×10 −3 ; OR=1.88; Table 1 ; Figure 1 ). Minor allele A of C6 variant rs2329591 also showed a positive association with CAD (P=7.75×10 −3 ; OR=2.11; Table 1 ; Figure 1 ).
eQTLs Analysis Identified 2 Functional Variants, rs7842 and rs4400166 Associated With the Expression Levels of C3AR1 and C6, Respectively
We examined whether C3AR1 variant rs10846450 and C6 variant rs2329591 showing nominal association with CAD in GWAS data may be associated the expression levels of corresponding genes. Mining of the SNPexpress database and Genevar 3.3 showed that rs10846450 and rs2329591 were not associated with the expression levels of C3AR1 and C6. By contrast, we found that variant rs7842 located in the 3′-untranslated region of C3AR1 was associated with increased expression of C3AR1 (P=5.47×10 −5 ; Figure I in the Data Supplement). We also found that variant rs4400166 in intron 13 of C6 showed significant association with increased expression of the C6 gene (P=3.73×10 −4 ; Figure I in the Data Supplement).
Both rs7842 in C3AR1 and rs4400166 in C6 were not on the GWAS chips. We analyzed LD for nominally associated variants rs10846450 and rs2329591 and variants with eQTLs (rs7842 and rs4400166) by computing the r 2 values using the HapMap and newly released 1000 genomes data (hg19/1000 genomes March 2012 data) and the recombination rates using Locuszoom with the 1000 genomes data. We found that for C3AR1, rs7842 and rs10846450 were not located in the same LD block because of a low r 2 value of 0.01 in the HapMap database and 0.08 in the 1000 genomes database and a recombination rate of 4.6% in Asian populations. Similarly, for the C6 gene, rs4400166 and rs2329591 were not located in the same LD block because of a low r 2 value of 0.06 in the HapMap database and 0.14 in the 1000 genomes database and a recombination rate of 0.8% in Asian populations ( Figure II in the Data Supplement).
The significant associations between rs7842 and C3AR1 expression and between rs4400166 and C6 expression were validated experimentally in the Chinese Han population. We measured the expression levels of C3AR1 and C6 in leukocytes from 266 people randomly selected from the general population by real-time quantitative reverse transcription polymerase chain reaction analysis and genotyped these individuals with rs7842 and rs4400166.
For rs7842, the mean relative expression levels of C3AR1 were 1.42±0.24 in 14 GG genotype carriers, 1.10±0.23 in 67 AG genotype carriers and 0.92±0.18 in 185 AA genotype carriers. Statistical analysis with general linear modeling showed that minor allele G of rs7842 was significantly associated with a higher C3AR1 mRNA expression level under a dominant model with a standardized coefficients (β) of 0.35 (mean expression levels, 1.13±0.30 for GG+GA versus 0.92±0.18 in AA, P=4.07×10 −9 ; Figure 2A ).
For SNP rs4400166, the mean relative expression levels of C6 were 1.17±0.58 for 176 subjects with the GG genotype and 1.88±0.64 for 83 subjects with the GA genotype combined with 6 AA genotype carriers (1.90±0.64 for the GA genotype and 1.65±0.60 for the AA genotype, respectively). Minor allele A of rs4400166 showed a highly significant association with an increased C6 mRNA expression level under a dominant model (β=0.46, P=1.10×10 −6 ; Figure 2B ).
Significant Association Between rs7842 in C3AR1 and CAD
The studies above showed that C3AR1 variant rs10846450 and C6 variant rs2329591 from GWAS data mining were not associated with the expression levels of their respective genes, thus we did not pursue the 2 GWAS variants any further. Interestingly, significant association was demonstrated between rs7842 in C3AR1 and rs4400166 in C6 and the expression levels of C3AR1 and C6, respectively. Therefore, we performed case-control association analyses for SNPs rs7842 and rs4400166 for their association with CAD next. Table 2 showed the details of basic demographical and clinical characteristics of the 2 cohorts used in our case-control The GWAS data were from 230 patients with CAD and 230 controls as reported previously by Wang et al. 9 CAD indicates coronary artery disease; GWAS, genome-wide association study; and SNP, single nucleotide polymorphism. *Top SNP: an SNP in a specific gene with the lowest P value for association with CAD. association studies. The association analysis was first performed in a case-control cohort with 924 CAD cases and 904 non-CAD controls from the GeneID Chinese database (validation cohort). Significant association from the validation cohort was then replicated in another independent cohort with 1065 cases and 1398 controls, also from the GeneID Chinese database (replication cohort).
The power estimation was performed based on assumptions that SNPs rs7842 can confer a risk of CAD with an OR >1.3 and a minor allelic frequency of 0.16 in the Chinese population in the HapMap database. Both cohorts can provide sufficient statistical power to detect the association between rs7842 and CAD with a type I error of 0.05 (86% power for rs7842 in the first validation cohort; 94% for rs7842 in the replication cohort).
Genotyping data for variant rs7842 in C3AR1 did not deviate from the Hardy-Weinberg equilibrium in the controls in the first cohort (P=0.92). The allelic frequencies of rs7842 were significantly different between CAD cases and controls (Table 3 ). Significant association was identified with an OR of 1.47 and a P value (P-obs) of 3.99×10 −6 . After adjusting for potential confounders, including age, sex, smoking, hypertension, diabetes mellitus, and lipid concentrations (total cholesterol, triglyceride, high-density lipoprotein cholesterol, high-density lipoprotein cholesterol), the association remained significant (OR=1.43 with an adjusted P or P-adj=4.94×10 −4 ).
Genotyping data for rs7842 did not deviate from the Hardy-Weinberg equilibrium in the controls in the replication cohort (P=0.09). The G allele of rs7842 conferred significant risk of CAD in the replication cohort (P-obs=1.53×10 −5 ; OR=1.37; P-adj=8.87×10 −3 ; OR=1.28; Table 3 ).
We performed a meta-analysis by combining 2 cohorts together, which generated a large cohort of 1989 cases and 2302 controls. SNP rs7842 showed highly significant association with CAD in the combined cohort (P-obs=1.89×10 −10 ; OR=1.41). After adjustment for covariates of age, sex, hypertension, diabetes mellitus, smoking, and lipid levels, the association remained significant (P-adj=2.87×10 −4 ; OR=1.31). The association remained significant after Bonferroni correction for multiple testing of 2 SNPs. These results suggest that SNP rs7842 in the C3AR1 gene confers a significant risk of CAD in the Chinese population.
We also performed genotypic association analysis, which allows assessment of the risk of rs7842 for CAD under different genetic models. Highly significant genotypic association was identified for CAD in both cohorts under all 3 models (dominant, recessive, and additive; Table I in the Data Supplement).
Significant Association Between rs4400166 in C6 and CAD
Similar power estimation as for rs7842 showed that the validation and replication cohorts can provide sufficient statistical power to detect the association between rs4400166 and CAD with a type I error of 0.05 (89% power in the first validation cohort; 96% in the replication cohort; and minor allelic frequency of 0.19). Genotyping data for variant rs4400166 did not deviate from the Hardy-Weinberg equilibrium in the controls in the first cohort (P>0.05).
Significant association was found between rs4400166 and CAD (P-obs=9.30×10 −3 ; OR=1.24; Table 4 ). After adjusting for potential confounders, the association remained significant (P-adj=0.03; OR=1.20; Table 4 ). The significant association was successfully confirmed in the replication cohort. The A allele of rs4400166 showed significant association with CAD in the replication cohort (P-obs=8.41×10 −3 ; OR=1.21; P-adj=0.01; OR=1.18; Table 4 ).
In the combined cohort with 1989 cases and 2302 controls, rs4400166 showed highly significant association with CAD (P-obs of 1.69×10 −4 ; OR=1.23). After adjustment for covariates, the association remained significant for rs4400166 with an adjusted P-adj of 4.43×10 −3 and an OR of 1.18 (Table 4 ). Significant genotypic association was also found between rs4400166 and CAD under a dominant model (P-obs=1.95×10 −4 ; OR=1.27; P-adj=3.23×10 −3 ; OR=1.26; Table  I in the Data Supplement). The association remained significant after Bonferroni correction for multiple testing of 2 SNPs. These data suggest that rs4400166 in C6 confers a risk of CAD in the Chinese Han population.
Discussion
Initial small-sized GWAS and follow-up meta-GWAS with larger sample sizes pooled together by several groups owning GWAS data have identified ≈50 variants associated with CAD and MI. 19 But, these variants explain only 10.6% of the disease heritability. 8 How to identify the hidden missing heritability of CAD is the most challenging issue for the genetic field of CAD and MI and other common diseases. The latest meta-GWAS for CAD used 63 746 cases and 130 681 controls. 8 Identification of new variants for CAD by further expansion of sample sizes for meta-GWAS is intimidating and may not be easily feasible. In Table 2 this study, we demonstrate that a new candidate pathway-based candidate gene strategy for CAD is effective in identifying some remaining heritability (new genetic variants for CAD).
. Basic Demographic and Clinical Characteristics of Patients with CAD and Controls Involved in This study
In this study, we systematically analyzed the association of 668 SNPs in 32 genes regulating the complement system with CAD from our GeneID GWAS data. Through this candidate pathwaybased GWAS and follow-up case-control association analyses, we provide strong evidence to demonstrate that SNPs in 2 genes of the complement system, C3AR1 and C6, were significantly associated with CAD and MI in the Chinese Han GeneID population. First, by analyzing 32 genes in the complement system with the GWAS data, nominal positive association was found between CAD and C3AR1 or C6. Second, 2 cis-acting variants that affect the expression of C3AR1 and C6 were identified and validated independently using the GeneID samples, including rs7842 in the 3′UTR of C3AR1 and rs4400166 in intron 13 of C6. Finally, in 2 independent case-control cohorts, rs7842 and rs4400166 were found to be significantly associated with CAD in the Chinese Han GeneID population. We found that rs7842 contributed 0.85% and rs4400166 contributed 0.31% to the heritability of CAD.
To the best of our knowledge, this is the first systematic analysis of the genetic association between the complement system and CAD, which identified novel associations between variants in C3AR1 and C6 and risk of CAD. Several studies evaluated the association between variant rs3746731 in CD93 and CAD in a small case-control study with 340 cases and 300 controls, a P=0.02 was achieved, but became nonsignificant after multiple testing of 45 SNPs studied. 20 In a separate study with 2145 familial hypercholesterolemia patients, rs3746731 showed a P value of 0.01 for association with CAD, which became nonsignificant after correction of testing of 10 SNPs. 21 Several studies showed association between the Y402H variant in complement factor H associated with age-related macular degeneration and CAD, but recent metaanalysis with 48 000 patients showed that this variant was not associated with CAD. [22] [23] [24] Similarly, a recent large-scale study showed that variants in CRP were not associated with risk of CAD. 25 In our GWAS data, there was 1 variant in CRP, rs12068753, which did not show positive association with CAD (P=0.07). In a small case-control study with 217 CAD with CAD and 217 controls from American Indian communities identified association between composite genotypes from 3 SNPs and 1 promoter variant in the MBL gene (mannose-binding lectin) and CAD. 26 Although interesting, the study was small and not replicated. However, our study with 2 independent, relatively large populations provides strong genetic evidence that variants in genes in the complement system confer significant risk of CAD in the Chinese population.
There are several key points for the pathway-based GWAS. First, the focus is on a specific biological pathway and a fixed set of genes, which reduces the number of SNPs to be analyzed. Second, the transition from positive SNPs in the GWAS data to functional variants in the same genes is most important. Most variants identified by GWAS are genetic markers with low effects, especially those variants showing weak association not passing the stringent multiple testing corrections. In this case, the possibilities of false positives and a difficulty of replication increased, thus, in this study, we did not perform the replication study between CAD and the SNP, which showed positive association with CAD in the initial GWAS data. Instead, we tried to find the possible causal variants with larger effects by eQTL and real-time reverse transcription polymerase chain reaction analysis. The functional variants are then pursued in the validation and replication stages of the study. It is interesting to note that the initial positive SNPs identified by GWAS mining (rs10846451, rs2329591) are not in LD with the respective functional eQTL SNPs analyzed further (rs7842, rs4400166; R 2 =0.01-0.08 for rs7842 and rs10846451 and 0.06-0.14 for rs4400166 and rs2329591). This transition from SNPs with a weak effect identified by GWAS mining to functional SNPs in different LD blocks and with a potentially larger effect may be a key to the success of candidate pathway-based GWAS. Our research successfully identified and validated 2 cis-acting variants, which affect the expression of C3AR1 and C6 and confer risk to CAD, and demonstrated that our pathway-based GWAS strategy is effective in identifying causal or larger effect variants of common disease.
After completion of the study, we went back and genotyped the 2 SNPs, rs2329591 and rs10846450, identified initially from the GWAS data in the validation and replication cohorts. In the combined population, minor allele A of C3AR1 variant rs10846450 showed significant association with CAD (P=0.02; OR=1.12). After adjustment for age, sex, hypertension, diabetes mellitus, smoking, and lipid levels, the association remained significant for rs10846450 with an adjusted P-adj of 0.04 and an OR of 1.08 ( Table II in the Data Supplement), but became nonsignificant after multiple testing correction for 2 SNPs studied. Significant genotypic association was also found between rs10846450 and CAD under an additive model (P-obs=0.03; P-adj=0.05; OR=1.10; Table III in the Data Supplement), but became nonsignificant after multiple testing correction. SNP rs2329591 in C6 did not show any significant association with CAD (P>0.05; Table II in the Data Supplement). Therefore, in the candidate pathway-based GWAS, there is no need to validate or replicate the initial positive SNP hits from the initial GWAS data mining. Inflammation is central to the development and progression of CAD and MI. 18 The complement system is a part of the innate immune system and has been implicated in the pathogenesis of atherosclerosis. Several studies reported detection of various complement activation products, regulatory proteins, and complement receptors in human atherosclerotic lesions, which may directly cause local cell damage and indirectly attract and activate immune cells. 19, 27 Therefore, genes regulating the complement system are candidates for CAD and MI. It is possible that variants in the complement system genes have a small effect on CAD and MI, and their potential association with CAD and MI may be too modest to be detected in GWAS because of a low power to achieve a high significant level. Our candidate pathway-based approach integrates a priori knowledge on atherosclerosis together with eQTL analysis to identify potentially functional cis-acting variants, which may amplify the effect of the candidate genes and provide an explanation for the successful identification of SNPs in C3AR1 and C6 conferring risk of CAD. Future studies are needed to assess further whether this novel candidate pathway-based strategy is effective in identifying new susceptibility genes for CAD in other biological pathways and other complex diseases in general.
The complement system is composed of 3 activation pathways, including the alternative, classical, and lectin pathways. 28 All 3 major complement activation pathways lead to cleavage of C3, which generates C3a and C3b fragments. 29 C3a is one of the most potent proinflammatory anaphylatoxins generated during complement pathway activation, and involved in activation of leukocytes and leukocyte recruitment to inflammatory sites in the vessel wall, which are important processes in atherosclerosis. 30, 31 C3AR1 is a Gi-coupled G protein-coupled receptor for C3a. 32 In this study, we found that minor allele G of rs7842 in the 3′-untranslated region of C3AR1 was associated with an increased expression level of C3AR1 and increased risk of CAD ( Figure 2 ; Table 3 ). These data suggest that increased C3AR1 expression augments the risk of CAD. Our results are supported by the finding that knockout mice deficient in C3AR1 was found to significantly decrease the aortic lesion size at the ApoE −/− background and by the finding that expression of the C3AR1 protein was increased 5-fold in coronary atherosclerotic plaques in humans. 33, 34 C3b leads to the formation of the C5 convertase, which cleaves C5 into the C5a and C5b fragments. 28 C5b then forms a complex with C6, C7, C8α, C8β, C8γ, and C9 on the cell surface, resulting in the membrane attack complex. 35 Membrane attack complex causes swelling and lysis of the target cells and the release of inflammatory molecules. 35 Here, we show that minor allele A of rs4400166 in the C6 gene was associated with increased C6 expression and risk of CAD ( Figure 2 ; Table 4 ), suggesting that increased C6 expression increases risk of CAD. This conclusion is supported by the finding that C6-deficient rabbits and C6 knockout mice showed a lack of membrane attack complex formation, less atherosclerotic lesions, and reduced plaque areas than controls under Apoe −/− background. 36, 37 One limitation of this study is that the initial sample size for GWAS is small. However, it was effective in identifying the 9p21 and 6p24 variants that confer risk to CAD. 9 It is highly likely that the power for the candidate pathway GWAS may be significantly increased if large GWAS or huge meta-GWAS databases are mined.
In conclusion, we used a novel candidate pathway-based GWAS strategy that combines mining of GWAS data for variants in a candidate pathway and eQTL analysis to identify new risk variants associated with CAD. Here, we performed the first systematic analysis of the genetic association between all genes in the complement system and CAD. We provided strong genetic evidence to demonstrate that SNPs in 2 genes in the complement pathway, C3AR1 and C6, are significantly associated with CAD in the Chinese Han GeneID population. These results show that the 2 most important terminal signals for complement activation, including C3a-C3aR signaling and C6-mediated membrane attack complex formation, may confer risk in the pathogenesis of CAD. Therefore, restriction of complement activation may be a novel potential scheme for the treatment of CAD. Future studies are needed to determine the detailed molecular mechanism by which C3AR1 and C6 mediates atherosclerosis.
